The scientific capabilities of the James Webb Space Telescope (JWST) fall into four themes. The End of the Dark Ages: First Light and Reionization theme seeks to identify the first luminous sources to form and to determine the ionization history of the universe. The Assembly of Galaxies theme seeks to determine how galaxies and the dark matter, gas, stars, metals, morphological structures, and active nuclei within them evolved from the epoch of reionization to the present. The Birth of Stars and Protoplanetary Systems theme seeks to unravel the birth and early evolution of stars, from infall onto dust-enshrouded protostars, to the genesis of planetary systems. Planetary Systems and the Origins of Life theme seeks to determine the physical and chemical properties of planetary systems around nearby stars and of our own, and investigate the potential for life in those systems. To enable these for science themes, JWST will be a large (6.5m) cold (50K) telescope with four instruments, capable of imaging and spectroscopy from 0.6 to 29 microns wavelength.
INTRODUCTION
The James Webb Space Telescope (JWST) is a large (6.6m) cold (<50K), infrared-optimized space observatory that will be launched early in the next decade into orbit around the second Earth-Sun Lagrange point. It is the successor to the Hubble Space Telescope, and is a partnership of NASA, ESA and CSA. JWST instrumentation includes the Near Infrared Camera (NIRCam), the Near Infrared multiobject Spectrograph (NIRSpec), and the Tunable Filter Imager will operate in the wavelength range 0.6 to 5 microns. The Mid Infrared Instrument (MIRI) will do both imaging and spectroscopy from 5 to 29 microns. The technical implementation for JWST and its instruments are described in other papers in this volume. In this paper, we describe the science requirements, which are used to define the measurement capabilities of the telescope. We do not require that these particular observations be made, however, a mission which provides these capabilities will support a wide variety of astrophysical investigations. JWST is a facility-class mission, and most of the observing time will be allocated to investigators from the international astronomical community through competitively selected proposals.
The scientific objectives of the JWST fall into four themes:
• 
THE END OF THE DARK AGES: FIRST LIGHT AND REIONIZATION
The key objective of The End of the Dark Ages: First Light and Reionization theme is to identify the first luminous sources to form and to determine the ionization history of the Universe.
Theory and observation have given us a simple picture of the early universe. The Big Bang produced (in decreasing order of present mass-energy density): dark energy (the cosmic acceleration force), dark matter, hydrogen, helium, cosmic microwave and neutrino background radiation, and trace quantities of lithium, beryllium, and boron. As the universe expanded and cooled, hydrogen molecules formed, enabling the formation of the first individual stars, at about 180 million years after the Big Bang (Barkana & Loeb, 2001 ). According to theory, the first stars were 30 to 300 times as massive as the Sun and millions of times as bright, burning for only a few million years before meeting a violent end (Bromm & Larson 2004) . Each one produced either a core-collapse supernova (type II) or a black hole. The supernovae enriched the surrounding gas with the chemical elements produced in their interiors, and future generations of stars contained these heavier elements. The black holes started to swallow gas and other stars to become mini-quasars, which grew and merged to become the huge black holes now found at the centers of nearly all massive galaxies (Magorrian et al. 1998) . The supernovae and the mini-quasars could be individually observable by JWST.
The emergence of the first sources of light in the universe marks the end of the ``Dark Ages'' in cosmic history, a period characterized by the absence of discrete sources of light. Understanding these first sources is critical, since they greatly influenced subsequent structures. The current leading models for structure formation predict a hierarchical assembly of galaxies and clusters. The first sources of light act as seeds for the successive formation of larger objects, and by studying these objects we will learn the processes that formed the nuclei of present day giant galaxies.
Some time after the appearance of the first sources of light, hydrogen in the universe is reionized. We do not know the time lag between these two events, nor whether reionization is brought about by the first light sources themselves or by subsequent generations of objects. Reionization is by itself a period in cosmic history that is as interesting as the emergence of first light. The epoch of reionization is the most recent global phase transition undergone by the universe after the Big Bang.
Before the epoch of first light, ionizing photons and metals are essentially absent. Thus, hydrogen molecules can form and survive to become the primary cooling agent of the first perturbation to collapse. We expect the stars that formed from this process to be very massive and very hot. Historically, this primordial stellar population has been given the name of population III stars.
What are the first galaxies?
To identify a sample of high redshift galaxies, we will make an ultra-deep imaging survey using several broad-band filters. We will use the Lyman break technique to identify objects at increasing redshifts as high as z ~ 30. For dwarf galaxies with 10 6 M of zero-metallicity massive stars at 15 < z < 30, the expected AB magnitude at emitted wavelengths just longward fo Lyman α is ~31. A similar value (AB = 31 mag) is obtained by redshifting the brightest local super star clusters to z = 20. To enable this survey, JWST will have the sensitivity to reach AB = 31 mag in a feasible (although long) exposure time, defined as <5x10 5 s to reach SNR=10 per filter. The expected number densities are of about 1 object arcmin -2 , thus a significant sample requires deep observations over several 10 arcmin 2 . Another driver for a large area is the fact that in order to average over cosmic structures it would be desirable to cover a volume of at least 50 Mpc on the side. Such a volume is obtained at z = 15 over a δz = 3 for an area of 35 arcmin 2 . By focusing on volumes with δz/z = 0.2, one obtains roughly the same comoving volume per unit redshift at all redshifts z > 5.
The sample will allow the derivation of galaxy counts as a function of redshift. The expected density of first light sources is much lower than the density of sources needed to enrich the metals in the IGM so that a drop in the number counts should appear. The intensity of the non-ionizing continuum can be calibrated to yield the star-formation rate as a function of redshift. The required observations are deep broad-band imaging in the near infrared, with mid-infrared follow-up.
In-depth study: The brightest first light source candidates (or those amplified by intervening gravitational lenses) will be suitable for more detailed follow-ups. Near-infrared spectroscopy at R = 100 will be needed to verify the photometric redshifts. This will only be possible at a limit much brighter than that of the deep imaging. Observations at rest-frame wavelengths longer than 0.4 µm (i.e. at observer's wavelengths up to 12.4 µm) will establish the absence of an older generation of stars, confirming the nature of the sources as first generation objects. Spectroscopic follow up at R = 1000 aimed at measuring the Balmer line intensities will provide star formation rates and estimates of the dust content. Metal lines can be used to derive metallicities and the mean metallicity as a function of redshift.
Supernova searches: Individual Population III stars are too faint to be detected, but supernovae can be identified up to very high redshift, since they are expected to peak at levels brighter than AB=27 (Figure 1 ; Weinmann & Lilly 2005) . Although predictions are model dependent, the brightest known SN would be visible up to z = 30, and it is possible that population III stars will produce bright type II supernovae. Detection of a number of SNe at high-z will require multiple visits and will yield a SN-based star formation rate. The redshift of each supernova will in general be determined photometrically. The expected number of SNe is very uncertain; predictions range between 2500 (Wise & Abel 2005 ) and 4 (Weinmann & Lilly 2005) yr -1 deg -2 . Large areas need to be surveyed with broad-band imaging in order to obtain a significant sample. Because of time dilation, the time between visits of the search field will need to be up to 6 months. While the first two visits produce only one search epoch, each successive visit produces another search epoch. Thus it is convenient to search the same field for an extended period of time. This could be accomplished by combining the SN search program with the ultra-deep observation. JWST will have a continuous viewing zone around each of the ecliptic poles which will enable repeated observations throughout the year.
When and how did reionization occur?
JWST observations will establish the epoch of reionization, probe the possibility that a first reionization took place at very high redshifts, and determine the properties of the ionizing sources. A starting sample of Lyman-break selected galaxies will be obtained from the ultra-deep observations required to identify the first light sources.
We will obtain high signal-to-noise, R ~ 1000, near-infrared spectra of QSOs or bright galaxies identified in other surveys in order to determine the presence of a Gunn-Peterson trough or of a Lyman α damping wing. High S/N is needed to discriminate between optical depths τ of a few and τ >> 10. A damping wing should be present for a few million years, before the ionizing radiation is sufficient to create a large Strömgren sphere around each ionizing source. To detect a transition in the properties of Lyman α sources at the epoch of reionization, we will select Lyman α emitters at a variety of increasing redshifts by using the narrow band excess technique in near-infrared images, or with spectroscopy of blank areas. The aim is to detect rapid evolution of the Lyman α luminosity function, which would be indicative of reionization. Line intensities will be fainter than 6 x 10 -18 erg cm -2 s -1 . Given the high probability of interlopers, the sources would need to be confirmed by a second emission line, such as Hβ, which is typically 30 times fainter than Lyman α.
By following the properties of Lyman α emitters to the highest redshifts, we will be able to identify a period of partial recombination that would appear as a statistical brightening following a dimming of Lyman α sources in the intermediate non fully-ionized period. This might be a more sensitive test than the equivalent one based on the absorption of the ionizing continuum photons, since for the latter a very small neutral fraction is already sufficient to produce very high opacity. 
What sources caused reionization?
In order to measure the ionizing continuum of a class of sources, we need to measure their hydrogen and helium Balmer lines. Comparison between these lines provides an estimate for the steepness, or hardness of the ionizing continuum. The hydrogen Balmer line intensity provides the normalization. Taken together, the normalization and slope provide a measurement of the rate of production of ionizing photons for any given class of sources under the assumption that the escape fraction is known. The escape fraction can be measured from deep imaging observations or estimated from the line equivalent widths. The expected observed surface brightness of these sources ranges between AB=27 and 29 mag arcmin -2 , counted as the typical ionizing flux per unit area over which they are detected. The former applies to the case of metal-enriched reionization sources with dust and low escape fraction of ionizing UV, the latter applies to zerometallicity ionizing sources with 100% escape fraction for a much extended reionization period. Identifying the ionizing sources requires a combination of diagnostics: line shapes, line widths, line ratios, shape of the continuum. We expect the intrinsic line widths of AGN-powered sources to be broader than those of sources ionized by stellar radiation. The line shapes may also help in distinguishing primordial HII regions from mini-AGN.
THE ASSEMBLY OF GALAXIES
The key objective of The Assembly of Galaxies theme is to determine how galaxies and the dark matter, gas, stars, metals, morphological structures, and active nuclei within them evolved from the epoch of reionization to the present.
Galaxies are the basic building blocks of the Universe. Theory and observation show that galaxies are assembled through a process of the hierarchical merging of dark matter concentrations. Small objects formed first, and were drawn together to form larger ones. This dynamical build-up of massive systems is accompanied by chemical evolution, as the gas and dust within the galaxies are processed through successive generations of stars. The interaction of these luminous components with the invisible dark matter produces the beautiful appearance and diverse properties of present-day galaxies. This process is still occurring today, as the Magellanic Clouds fall into the Milky Way, and as the Andromeda Nebula heads toward the Milky Way for a future collision. Galaxies have been observed at look-back times of about one billion years after the Big Bang.
Despite all the work done to date, many questions are still open. We do not really know how galaxies are formed, what controls their shapes, what makes them form stars, how the chemical elements are generated and redistributed through the galaxies, whether the central black holes exert great influence over the galaxies, or what are the global effects of violent events as small and large parts join together in collisions.
When and how did the Hubble Sequence form?
To trace the formation of the Hubble Sequence of galaxies, we need observations of the morphologies, stellar populations, and star-formation rates in a very large sample of galaxies observed in deep imaging and spectroscopic surveys. JWST will characterize the star-formation rates in individual galaxies, ideally as a function of their mass and environment. We will also determine when the long-lived stars in a typical galaxy were formed, whether in situ or in smaller galaxies that subsequently merged together to form a large galaxy. Direct characterization of the merging rate of galaxies will provide another angle on this question.
The emergence of quiescent red galaxies, which have completed their major episodes of star-formation, will tell us why star-formation ceases in some galaxies. The importance of chaotic star-formation in star-bursts, as compared with the steady-state star-formation in stable galactic disks, will reveal the modes of star-formation which dominate different phases of galactic evolution and develop the morphological components in the galaxies. Quantities such as the disk size function, as well as color gradients within galactic disks at different redshifts will show directly how galactic disks grew, while the merger rate of disk galaxies will reveal the rate at which stars, originally formed in disks, are redistributed into the spheroids.
Except in objects with very high levels of dust extinction, the star-formation rate of massive stars in a galaxy can best be estimated from measurements of the Hα emission line, complemented by other emission lines, the ultraviolet continuum and the bolometric luminosity at longer wavelengths. JWST should have the capability to spectroscopically measure the Hα emission (5 x 10 -19 erg cm -2 s -1 ) that would be produced by a star-formation rate of only 1 M /yr at z ~ 5.
The existence of older stellar populations is best revealed by continuum imaging at rest wavelengths λ > 0.5 µm and if possible λ > 1 µm. Based on the Local Group and Milky Way Galaxy, the deepest near-infrared imaging should be able 
How did the heavy elements form?
The average metallicity of the Universe and of the objects in it provides a fundamental metric reflecting the development of structure and complexity on galactic scales. Metallicity is observable and "long-lived" in the sense that heavy atomic nuclei, once produced, are not readily destroyed. The production of heavy elements is also one of only two cosmologically significant producers of luminosity in the Universe, along with gravitational accretion energy.
For many years, the metallicities of gas at high redshifts have been studied through the analysis of absorption line systems seen in quasar spectra. The lines of sight to quasars probe random regions of the Universe. The study of the metallicities of material in known galaxies at high redshift is at a much earlier stage of development. This is more relevant for models of the chemical evolution of galaxies, and for the use of metallicity estimates to constrain the present-day descendents of high redshift galaxies. The emission line gas in star-forming regions is relevant for the planetary and astro-biological studies, since it is representative of the material out of which the stars and planets are made. JWST will measure the Hα, Hβ and [OII] and [OIII] emission lines from compact low-extinction galaxies at z ~ 5 that are forming stars at the rate of 3 M /yr. This star-formation rate is comparable to that of the Milky Way today, and requires a line sensitivity of 5 x 10 -19 erg cm -2 s -1 in the 2 to 4 µm range at 10σ. In order to assemble sufficient samples for statistical determinations, JWST will make these measurements with high multiplexing gain.
What physical processes determine galaxy properties?
Despite the variety of galaxy properties observed today, galaxies obey a number of remarkably tight scaling relations between basic properties of luminosity, size, and kinematics and metal enrichment. These include the Tully-Fisher relation for disk galaxies and the "fundamental plane" and its projections for spheroids. Most recently, a surprising relationship between the mass of the central black hole and the properties of the surrounding spheroid (e.g. the velocity dispersion) has been established. It is not known how or when these were established and whether they represent an asymptotic, late-epoch, state or whether they are obeyed at essentially all epochs (once allowance is made for the simple evolution of the stellar population).
Simulations of galaxy formation have managed to reproduce the slope, but not the normalization of these dynamical relations. The compatibility of scaling relations based on color or metallicity with models in which most stars are formed outside of their eventual parent galaxies is not clear. Construction of these relations requires deep imaging for structural parameters plus high-resolution spectroscopy for kinematical data. Disk rotation curves at high spatial resolution can be measured in Hα or with the CO bandheads at 2.2 µm. Scaling from an optical magnitude of R AB = 24.5 mag, and the spectral energy distribution of a present-day Scd galaxy, this requires a continuum sensitivity at 9 µm of AB = 21.3 mag at 10σ per resolution element.
Hierarchical assembly:
In the standard CDM paradigm, the mass function of bound structures develops with time, as smaller objects are assembled hierarchically into larger ones, leading to an increase in the characteristic mass M* in the Press-Schechter mass function. JWST images and spectra will study the evolution and organization of baryons in galaxies at high redshift, but will not reveal the underlying structures of non-luminous matter which make up the gravitationally bound dark matter halos. It is the development of these halos which is the fundamental test of the cold dark matter theory of galaxy formation. The dark matter mass function of bound objects at very high redshifts can be uniquely measured in two ways with the JWST. First, the dynamics of groups of galaxies or sub-galactic fragments can be used to determine the typical masses of halos (Zaritsky & White 1994) . Second, JWST will measure halo masses through the gravitational bending of light. Using this weak-lensing method, ground-based programs have measured the mass within 200-500 kpc at redshifts of z ~ 0.1 (McKay et al 2002) and z ~ 1 (Wilson et al 2001) . While HST is expected to establish the statistical mass functions for spiral and elliptical galaxies at z~1, with JWST, we will extend the equivalent measurements of galaxies to z ~ 2.5 and thus determine the development of the dark matter halos during the peak growth of galaxies and star formation.
What are the roles of starbursts and black holes in galaxy evolution?
ULIRGS: The optical identification of high-redshift ULIRGs, found at sub-mm wavelengths, is extremely difficult with ground-based 8-10 m telescopes. At present none of the deepest field samples are securely identified at greater than the 50% level. Intensive efforts with ground-based telescopes will improve this before the JWST launch, but it is almost certain that there will still be many unidentified sub-mm sources when JWST flies. Analogs of known z ~ 2 ULIRGs, if they exist at z > 5, will have remained unidentified from the ground until JWST flies even though they may well already be present in today's sub-mm samples. Deep imaging with JWST at λ > 2 µm is required to identify these sub-mm sources, while mid-infrared imaging will penetrate the dust obscuration that is known to be present in these obscured galaxies to sample the oldest stellar populations in these objects.
Near-infrared spectroscopy with JWST will be used to measure redshifts for identifications that cannot be secured from ground-based spectroscopy, and will yield kinematic and metallicity information on the merging system. Mid-infrared spectroscopy will be used to diagnose the energy sources in the interior of the systems, as starbursts have strong PAH features, while AGN have a strong [NeVI] 7.66 µm lines.
JWST will be able to measure the [NeVI] line in an ultra-luminous obscured galaxy with the bolometric luminosity of Arp 220, 1.3×10 12 L , at z ~ 2, assuming a line/bolometric luminosity ratio as in the Circinus galaxy (see Figure 3) .
AGN:
One of the most surprising discoveries in galactic astrophysics of the last ten years has been that the masses of central black holes are tightly correlated with the bulge stellar population in present-day galaxies. These estimates have been extended using proxy indicators to redshifts z ~ 2 in QSOs, and indicate that the correlation still holds. Furthermore, the host galaxies of QSOs at redshifts z > 2 appear to be in very high states of star-formation, while the peak in the quasar number density at z ~ 2 suggests that the formation of the central black hole is contemporaneous with the production of the bulk of the stellar population. However, the existence of some bright QSOs at redshifts above 6, with spectra that differ little from those with the lowest redshift, suggests that some massive black holes and their associated stellar populations have formed early in the history of the Universe. The close connection between central black holes and spheroid populations must be intimately connected with galaxy formation and evolution, and with the events that trigger and fuel AGN over cosmic time.
There are many questions that still remain about the formation and evolution of super-massive black holes. We don't know if the seed black holes are primordial, if they form through the high end of the population III mass function, or if they form over a wide range of redshifts. We don't know if their evolution traces the hierarchical growth of structure, or through merging within an initial stellar population. We don't know the role of angular momentum, and the role of central engine accretion mechanisms in their growth. Finally, we don't know the redshift dependence of black hole mass growth. While many of these questions will be addressed using the same type of observations outlined above for non-AGN galaxies, JWST will also observe a range of active galaxy types and luminosities. 
THE BIRTH OF STARS AND PROTOPLANETARY SYSTEMS
The key objective of The Birth of Stars and Protoplanetary Systems theme is to unravel the birth and early evolution of stars, from infall onto dust-enshrouded protostars, to the genesis of planetary systems.
While stars have been the main topic of astronomy for hundreds of years, only in recent times have we begun to understand them with detailed observations and computer simulations. A hundred years ago we did not know that they are powered by nuclear fusion, and 50 years ago we did not know that stars are continually being formed. We still do not know the details of how they are formed from clouds of gas and dust, why most stars form in groups, or how planetary systems form. Young stars within a star-forming region interact with each other both chemically, dynamically and radiatively in complex ways. The details of how they evolve and liberate the "metals" back into space for recycling into new generations of stars and planets remains to be determined through a combination of observation and theory.
Observation shows that most stars are formed in multiple star systems and that many stars have planets. However, there is little agreement about how this occurs, and the discovery of large numbers of massive planets in very close orbits around their stars was very surprising. We now know that planets are common around late-type (cooler and less massive than the Sun) stars, and that debris disks might reveal the presence of planets.
How do protostellar clouds collapse?
Clouds: Stars form in small (∼ 0.1 pc) regions undergoing gravitational collapse within larger molecular clouds. These dense cores have densities n H2 > 10 4 cm -3 , roughly a hundred times greater than ambient cloud material. Standard theory predicts that these cores collapse from the inside out (e.g., Shu 1977; Terebey et al 1984) , with the collapse propagating at an effective sound speed of about 0.3 km s -1 , accounting for gas pressure and support due to magnetic fields and turbulence. The slowly collapsing and slowly rotating core approximates a singular isothermal sphere, breaking down in the center where a protostar and a more rapidly rotating disk are found. Alternatives to the standard picture include ambipolar diffusion, due to incomplete coupling of magnetic fields to the gas (Mouschovias & Palelogou 1981; Crutcher et al 1994) , confinement by external pressure (Alves et al 2001) , or chaotic and dynamic structures formed in the intersections of fractal clouds (Bate et al 2003) . These different models predict different density distributions for star-forming cores, and thus by measuring those density distributions for cores in a wide range of environments and evolutionary states, we can hope to understand the relative roles that magnetic fields, turbulence, and rotation play while the clouds collapse to form stars.
It is possible to map the extinction profile of a cloud, and thus the dust column density, by measuring the colors of discrete background field stars seen through a core at near-infrared wavelengths. Used on large ground-based telescopes and reaching a typical depth of K AB = 22 mag with sub-arcsecond spatial resolution, this technique provides a resolution of 10 to 15 arcsec through extinctions of up to A V ~ 60 mag in dark clouds (e.g., Lada et al 1994) . JWST will reach 7 mag deeper at 2 µm, and will probe the centers of pre-stellar cores and Class 0 envelopes. An alternative approach maps the attenuation of the diffuse mid-infrared background produced by the interstellar radiation field or by hot sources in the same star-forming complex as the core (Bacmann et al 2000) . This background is particularly bright in the 6.2 and 7.7 µm PAH emission features, where dust extinction is also near a minimum.
Protostars: Once self-gravitating molecular cloud cores have formed, they can collapse to form protostellar seeds, which gain material via continuing accretion. The earliest category of protostar, the Class 0 object (André et al 1993; Figure 4 ), is deeply embedded in and obscured by the massive envelope from which it is accreting, and its spectral energy distribution is dominated by this cold (∼ 20 K) material. As a result, these young (∼ 10 4 yrs) sources emit the bulk of their flux at millimeter and sub-millimeter wavelengths, and are generally undetected at shorter wavelengths to date.
Detecting and studying the 10 µm to 20 µm emission from protostars is important. Radiative transfer models (Wolfire & Cassinelli 1986 ) predict that there should be a warm 'shoulder' in the mid-infrared in the otherwise single ∼ 20 K blackbody SED, and that protostars should be roughly 1000 times brighter than the blackbody, as radiation from the warm central source is scattered off dust grains in the inner envelope into the line-of-sight. The degree of scattering is a strong function of the density distribution in the envelope, so the departures from the single blackbody SED at midinfrared wavelengths would be an important diagnostic of envelope structure, most critically the power law of the density distribution. JWST will image young protostars and protostellar cores at the distance of the nearest star-forming regions like Taurus and Chameleon. The dynamics of the protostellar collapse can be diagnosed through mid-infrared imaging spectroscopy of shocks. 
How does environment affect star formation and vice versa?
The formation of massive stars produces intense winds and ionizing radiation which impacts the surrounding molecular cloud material and the nascent circumstellar disks of adjacent low-mass stars. The mechanism by which massive stars form is not yet known. A simple scaling-up of the standard low-mass star formation paradigm predicts that at some point, the radiation pressure from the growing central source builds up so rapidly that no more material can accrete, thus limiting the mass of the source (Yorke & Sonnhalter 2002) . Various solutions have been proposed to solve this problem. McKee & Tan (2002) have suggested that very high accretion rates can overcome the radiation pressure, so a massive star can form 'normally'. Alternatively, Bonnell et al (1998) proposed that massive stars form by the agglomeration of colliding low-mass stars in a very deep potential well, although, stellar densities of 10 7 to 10 8 stars per cubic parsec are required. The required high densities would be achieved by shrinking a cluster by a factor of 10 in linear size, producing a hypercompact H II region. Deep, high spatial resolution imaging in the mid-infrared will discriminate between these models.
Once born, massive stars can be disturbing neighbors. Ionizing photons and strong winds from O and B stars damage their environment. On small scales, they can destroy disks around young low-mass stars (Johnstone et al 1998) , while on larger scales, they can simultaneously evaporate and compress surrounding molecular material, either halting or triggering further star formation in surrounding molecular material (Larosa 1983) . Comprehensive imaging and spectroscopic surveys will be made of dark clouds and elephant trunks in regions with recent massive star formation, to reveal populations of young stars and study their properties. By examining the masses and ages of the sources as a function of their distance from the ionization front, it will be possible to determine whether O and B stars simply reveal pre-existing star formation or trigger it directly.
What is the Initial Mass Function at sub-stellar Masses?
The initial mass function (IMF) is a key product of star formation (Salpeter 1955; Miller & Scalo 1979) . Remarkably, the IMF is almost entirely feature-free, all the way from the most massive stars down to about 0.3 M . Below 0.3 M , studies show that the IMF flattens somewhat, but continues to increase. Below 0.1 M (100 M JUP ), the mass function starts to decline, and microlensing observations (Alcock et al 1998) clearly indicate that our Galaxy is not full of subJupiter mass brown dwarfs. Thus, somewhere below 0.1 M , the physics of star formation produces a turnover and decline in the IMF, perhaps with some lower-limit boundary condition.
Theory has long predicted a significant boundary around 3 to 10 M JUP , below which it is believed that fragmentation and collapse of molecular cloud cores cannot occur. More recent work by Boss (2001) has shown that magnetic fields may lower this limit to about 1 M JUP . The fragmentation scenario at low masses may have to be replaced by a more complex model involving a wide range of physical processes, including supersonic turbulence (Padoan & Nordlund 2002) , dynamical interactions between protostars (Bate et al 2003) , and feedback due to strong bipolar outflows (Adams & Fatuzzo 1996) or ionizing radiation from massive stars. Searching for and characterizing sources at 1 M JUP and below in nearby star-forming regions would allow us to constrain the physics of any lower-limit boundary. Free-floating objects less massive than 10 M JUP can also serve as important proxies for true planets.
How do Protoplanetary Systems form?
Disks around young low-mass stars were initially deduced from spectral energy distributions, asymmetric wind profiles, and polarization mapping, but have now been seen through direct imaging (McCaughrean et al 2000) . Well-resolved direct images of circumstellar disks reveal their internal density and temperature structure, and show how disks are affected by their environment. Since circumstellar disks are both a product and a mediator of the star formation process, as well as the progenitors of planetary systems, a fuller understanding of the evolution of circumstellar disks will play a key role in our understanding of these central topics. Can these disks form planets before being destroyed? JWST will look for evidence of growth in the dust grain population, which would indicate that planetesimal formation is already underway. By comparing the diameter of a silhouette disk at UV, optical, and near-infrared wavelengths, an estimate can be made of the dominant particle size in its outer reaches. Studies to date have proven ambiguous, with suggestions of ISM-like grains on one hand and much larger 5 µm grains on the. However, due to the relatively limited spatial resolution of the HST at the critical near-infrared wavelengths, it has not been possible to attempt these studies for any but the single largest disk. JWST will provide high spatial resolution imaging of a substantially larger sample of silhouette disks.
What are the life cycles of gas and dust?
Generations of both low-and high-mass stars have converted primordial hydrogen and helium into successively heavier elements, including carbon, oxygen, and nitrogen, elements that make up life on Earth. Returned to the interstellar medium via winds and supernovae, they may eventually be incorporated into molecular clouds and later into new stars and their circumstellar disks. Astrochemistry and astrobiology seek to trace the life cycles of gas and dust from pre-stellar cores to planetary systems ( Figure 5 ).
In cold quiescent cloud cores, gas-phase molecules stick to dust grains, forming icy mantles on silicate cores. This freezeout is very efficient and it is a paradox that gas-phase molecules are seen in clouds at all. When the heavy elements are frozen out, the chemical composition is initially modified via grain-surface reactions. Then, as a central protostar develops and heats up its envelope, the ices evaporate back to the gas phase and a rich mixture of organic compounds develops. As the envelope material is processed, its thermal and irradiation history is imprinted on its spectra, via features including the solid CO 2 bending mode at 15 µm, the OCN -band at 4.62 µm, and the unidentified 6.85 µm feature.
Later, gas and dust from the envelope is incorporated into a circumstellar disk surrounding the young star, where it is further processed by UV radiation, X-rays, and thermal processes. By studying the astrochemical evolution in detail, it is possible to trace the formation history of planetesimals and other solid bodies, their composition, their processing, and their possible future evolution. Spectra from the ISO SWS have shown signs of material evolution in the disks around more massive stars (e. g. Malfait et al 1998) . JWST will allow this work to be extended to a much more extensive sample, including proto-solar-type stars.
PLANETARY SYSTEMS AND THE ORIGINS OF LIFE
The key objective of the Planetary Systems and the Origins of Life theme is to determine the physical and chemical properties of planetary systems including our own, and investigate the potential for the origins of life in those systems.
Understanding the origin of the Earth and its ability to support life is an important objective for astronomy. Key parts of the story include understanding the formation of small objects and how they combine to form large ones, learning how they reach their present orbits, learning how the large planets affect the others in systems like ours, and learning about the chemical and physical history of the small and large objects that formed the Earth and delivered the necessary chemical precursors for life. The cool objects and dust in the outer Solar System are evidence of conditions in the early Solar System, and are directly comparable to cool objects and dust observed around other stars. To trace the origins of the Earth and life in the Universe, we need to study of planet formation and evolution, including the structure and evolution of circumstellar material. The search for evidence of life in our Solar System and beyond is fundamental to the understanding of our place in the cosmos. JWST observations of objects in our own Solar System and planetary systems around other stars will provide data crucial for understanding the origin of planetary systems, the origin of free-floating brown dwarfs and planets, and the potential for stable habitable regions around other stars.
How do Planets form?
The formation of multiple objects is a common outcome of star formation, including binary or higher order systems, a central star orbited by brown dwarfs and/or planets, or a star with a remnant disk of particulates. Brown dwarfs and giant planets might arise from two different formation mechanisms. Brown dwarfs may represent direct collapse of gas, from a molecular cloud clump or from a disk of material, while giant planets could form from a two-stage process in which growth of a rock-ice core triggers the rapid accretion of gas. In this model, brown dwarf companions are the low-mass tail of binary star formation, while giant planets are the high-mass end of a process that also makes Earths and Neptunes, and the two processes may produce distinct initial mass functions. Even if there is an overlap in the masses generated by the two processes, they may be distinguished by the metallicities of the objects generated relative to the parent star. Giant planet formation by two-stage accretion increases the metallicity of the planets by a factor of several relative to the parent star, but direct collapse does not need to do so. Formation of giant planets is a signpost, detectable with JWST (Figure 7) , of a process that may also generate terrestrial planets. In contrast, direct collapse formation of brown dwarfs may signal systems in which terrestrial planet formation is rare or impossible, because of the required disk masses, angular momenta and subsequent disk evolution.
Planets of Uranian mass or larger exist in orbits detectable by the current radial velocity surveys around 8% of F, G, and K type stars in the solar neighborhood. Extrapolating to larger semi-major axes, and guided by our own dynamically crowded outer solar system (the region from 5 to 30 AU), one can infer that about 15% of mature F, G, and K type stars should possess at least one giant planet. Theoretical studies of migration of giant planets through interactions with the gaseous disk, or with massive remnant particulate disks, suggest that as many as 80% of low mass stars generate giant planets during their pre-main sequence phase. Many or most of these giant planets are lost through inward migration and merging with the central star, or by ejection. We don't know how many nearby suns possess giant planets in orbits too large for detection by the radial velocity approach, or with periods too long for planned space-borne astrometric surveys. Giant planet formation may be a process favored in the colder outer regions of protoplanetary disks, where water ice exists. Alternatively, giant planets could be formed over a wide range of semi-major axes, even in the warm inner parts of disks.
Given a particular distribution of orbital semi-major axes of exosolar giant planets, one can assess the dynamical consequences of these bodies on both the stability of the orbits of putative terrestrial planets in the habitable zones of low mass stars, and on the delivery of water to the habitable zone from colder regions. Jupiter and Saturn, forming within a few million years of the birth of our protoplanetary disk, both ejected remnant planetesimals from their own orbits, and increased the inclinations and eccentricities of planetesimals, so that they reached the region where the Earth and other terrestrial planets formed later (roughly 50 -100 million years based on radioisotopic dating). If this is a general characteristic of giant planet formation, then in many disks, both processes may lead to delivery of colder, water-and organic-rich planetesimals to the inner planet forming region, and accelerate the growth of terrestrial planets. On the other hand, radial migration of giant planets inward through the zone of formation of the terrestrial planets would sweep material there into the parent star, along with the migrating planet. shows emission features in the star's circumstellar disk as predicted if the disk is heated by radiation from the central source. The particle composition in the circumstellar disk appears to be remarkably similar to that of comet HaleBopp (lower curve) (Malfait et al 1998) . JWST will only reach the shorter wavelengths depicted here, but the similarities are most prominent at those wavelengths. 
How are circumstellar disks like our Solar System?
Detailed observations of disks around other stars, both during and after planet formation and disk clearing, provides a global view of the distribution of major condensables and the effect of planets on the distribution of the dusty, small body material. A detailed discussion of the observations of disks is given in the previous section, but disks are both the product of star formation and the initial step in the formation of planets.
The remnant of the circumstellar disk that formed our Solar System is observable today as the smaller planets, moons, asteroids and comets, along with the interplanetary gas. We have samples of this material in meteorites and interplanetary dust particles. Studies of samples provide accurate chemical and (radioactive isotope) age determinations for events, but are difficult to relate to specific locations in our own protoplanetary disk because of dynamical stirring of material. Further, the primitive material in our meteorite collection does not seem to correspond in detail to the abundances in the Earth's interior, suggesting that much of the "primitive inventory" is missing. Spectroscopy and photometry of small Solar System bodies, particularly comets, at wavelengths and sensitivities unavailable from the ground can identify isotopic ratios and molecular and elemental abundances. These can be compared with remnant and planet-forming disks, providing direct measurements of the smaller components of circumstellar disk formation.
Since the mid 1980s apparition of Comet Halley, it has been known that the silicate mineralogy in cometary dust is similar to that in circumstellar disks (Spinrad 1986 ). ISO observations of Hale-Bopp showed that the mid-infrared reflectivity of the comet's dust is strikingly similar to that in a protoplanetary disk surrounding the young star HD 100546 ( Figure 6 ; Malfait et al 1998). In particular, strong emission features of carbon-and oxygen-rich dust are seen in both spectra, with the most prominent being attributed to crystalline silicates. This observation confirms the key role of comets in understanding the chemical nature of dust in debris disks.
How are habitable zones established?
Some geochemical evidence suggests that Earth's water did not come from locally formed planetesimals at 1 AU, but the source of water is uncertain. Asteroids are a dynamically plausible source and could be isotopically consistent if chondrites are a typical sample of that region of the primordial asteroid belt that supplied water to the Earth. However, problems remain with this model, in particular, it is difficult for the Earth to retain the water during the high velocity impact of very large bodies that dynamical simulations indicate would have been the principle sources of water. Cometary HDO/H 2 O values measured in three long-period comets are twice that of Earth's ocean water. Also, the D/H ratio of short period comets and their presumed Kuiper Belt progenitors remains unknown. By measuring isotopic ratios in comets and larger Kuiper Belt bodies, JWST can solve this part of the puzzle, removing a major uncertainty in the source of water for our own planet.
Comets remain a highly plausible source of Earth's organics, and the inventory of organics derived from high sensitivity infrared spectra will constrain this part of the story. JWST measurements of the composition and structure in protoplanetary disks around other stars will extend the quantification of the source of water and organics to putative habitable worlds around stars other than the Sun. , compared with JWST mid-infrared imaging sensitivities. The 2 M JUP object is detectable in several wavelengths; the 7 M JUP object is bright enough that spectra can be collected, enabling atmospheric structure and composition to be inferred. WJivtItn gth. microns
Studies of active gas-dust disks and remnant disks from JWST, with Spitzer disk studies as a foundation, will better quantify how solid debris and gas is cleared from such disks. JWST will address the timing, the role of the planets, and the amount of remnant gas and dust during what would be the early history of planetary systems. Measurement of the isotopic, elemental and molecular abundances in icy bodies in the outer Solar System (Figure  8 ), as well as in large bodies such as Titan, will provide a body of chemical data that will allow us to determine the relationship of these various bodies to a set of putative primitive reservoirs, constrained as well by the extrasolar disk observations.
How do planets come to be habitable? Giant planets may control dynamical stability, the timing of terrestrial planet formation, and the supply of volatiles. Do the properties of the precursor gas-dust disks, and their coevolution with forming planets, also determine habitability through planetary system architecture and planetary masses? Are there young systems that seem, in terms of disk architecture or presence of giant planets, to be on a trajectory to nurture the development of habitable planets?
Saturn's moon Titan is a Mercury-sized world rich in organic molecules, endowed with a dense atmosphere, and possessed of a water-ice and rock interior that could, under other circumstances, supply abundant water for life. Could Titan have been habitable earlier in its history? How does the surface-atmosphere exchange of mass and energy work on an organic-rich but abiotic world, which is subject to weak solar forcing but strong seasonal variations?
Prior to the origin of life, chemical processes could lead to substantial complexity. Depending on the nature of the prebiotic environment, available building blocks include amino and hydroxy acids, purines, pyrimidines, assorted sugars and fatty acids. These would combine to form polymers of random sequence and mixed stereochemistry (handedness). Amino acid detection might be possible were sufficient concentrations to exist on optically exposed surfaces. We show a simulated spectrum of a Kuiper Belt Object with a 200-km radius using a spectrum borrowed from that of Pluto. Many or all of the major ices can be identified with absorption features out to 2 µm.
